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Functional neuroimaging is currently one of the best non-invasive tools for understanding brain function in healthy, 26 and dysfunction in diseased subjects (Logothetis, 2008) , where the peak amplitude of the hemodynamic response is 27 most often used as a proxy for the strength of underlying excitatory neural activity, such as spiking or activity in the 28 gamma band. However, the precise interpretation of the neuroimaging signal is rendered difficult by the fact that it 29 has been reported to reflect various neuronal processes, such as multi-unit spiking, the activity in the various 30 frequency bands of the LFP (Bartolo et al., 2011; Boynton, 2011; Goense and Logothetis, 2008; Logothetis et al., 2001; 31 Maier et al., 2008; Murayama et al., 2010; Rauch et al., 2008; Viswanathan and Freeman, 2007) , and even the 32 2 relationships among different LFP bands (Magri et al., 2012) . Spikes and low-frequency LFPs may, however, 33 represent distinct neural processes such as feedforward and feedback influences (Bastos et al., 2015) . For example, 34 spiking seems to represent the features of a visual stimulus (feedforward), whereas neuro-modulatory inputs are 35 reflected in low-frequency LFP bands (feedback) (Belitski et al., 2008) . This makes the inability to differentiate 36 between activations associated with spiking-activity or low-frequency LFPs the major limitation in the interpretation 37 of hemodynamic changes (Logothetis, 2008) . However, the major portion of such studies focus mainly on the 38 amplitude of the hemodynamic signal, and two other parameters, namely, its peak-time (the time taken by the 39 hemodynamic response to reach its peak) and initial-dip (a transient dip in the hemodynamic signal observed just 40 after stimulus onset) have mostly been ignored. 41
Interestingly, spiking and low-frequency LFPs are known have different spatio-temporal features. For example, low-42 frequency LFP activity is more temporally synchronized, but has a larger spread over cortical surface (Logothetis et 43 al., 2007) . Spiking activity, in contrast, is spatially more localized, but has a larger temporal spread (e.g. a train of 44 spikes). Since the hemodynamic response is believed to reflect the spatio-temporal pattern of local neuronal activity, 45 it isn't unreasonable to assume that such differences in the pattern of neuronal activity might be reflected in different 46 features of the hemodynamic signal. The ability to identify features in the hemodynamic signal that serve as markers 47 for a specific kind of neuronal activity would enable a clearer and much more precise interpretation of functional 48 neuroimaging studies. Hence, to determine how different hemodynamic parameters correlated to different neuronal 49 processes (such as spiking or LFPs), we performed simultaneous measurements of hemodynamic signals (using 50 fNIRS) and intra-cortical electrophysiology in the primary visual cortex (V1) of two anesthetized monkeys (Fig. 1a-51 b). FNIRS uses a light emitter-detector pair (optode pair) to measure changes in the concentration of oxygenated 52 ([HbO] ) and deoxygenated ([HbR] ) hemoglobin in a small volume of tissue (Ferrari and Quaresima, 2012; 53 Villringer, 1997) . We have recently demonstrated that fNIRS has high SNR when acquired epidurally (Zaidi et al., 54 2015) , making it ideal for studying local neuro-vascular interactions. Using this technique, we recorded sessions of 55 both spontaneous and stimulus-induced activity in the primary visual cortex of two anesthetized monkeys, where a 56 high-contrast whole-field rotating chequerboard was used as visual stimulus. 
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Prima facie, our results might seem different from earlier studies of neurovascular coupling (Goense and Logothetis, 126 2008; Logothetis et al., 2001) . However, it must be noted that most previous studies have analyzed time-series cross-127 correlations between neuronal activity and hemodynamic signals to estimate the strength of neurovascular 128 coupling. In our study, we use a feature based approach, where individual features of neuronal activity are correlated 129 with features of the hemodynamic response. Indeed, a cross-correlation based analysis reveals results similar to those 130 previously observed (Goense and Logothetis, 2008; Logothetis et al., 2001) , with low-frequency processes eliciting 131 weak, and high-frequency processes eliciting strong correlations, for both time-series cross-correlation analysis 132 (Supplementary figure 5) and HRF-convolutions obtained from spontaneous activity (Supplementary figure 6) . 133
However, cross-correlations are strongly dependent on the shape of the underlying signals, and consequently, may 134 misrepresent underlying relationships. Our feature-based approach enables a more robust investigation, as we use 135 multiple features of neuronal activity (e.g. neuronal modulation index, peak neuronal activity, mean activity during 136 stimulus presentation, etc.) and obtain similar results. 137
These results probably arise from the differences in the spatio-temporal spread of low and high-frequency neuronal 138 processes across the cortical surface. Both previous work (Logothetis et al., 2007 ) and our data demonstrate that 139 correlations in high-frequency neuronal processes have a small spread over cortical surface (Fig. 4a) than those in 140 high-frequencies (Fig. 4b) . Modulations in lower frequencies, in contrast, are more synchronized (small temporal 141 spread) and have a larger spatial-spread over the cortical surface, potentially dilating more vessels simultaneously. 142
The simultaneous increase in flow rate of HbO would translate to an increase in the peak-amplitude of the 143 hemodynamic signal. Indeed, both previous work (Devor et al., 2005) and our data (Fig. 4c) demonstrate that a 144 larger spread of neuronal activity across the cortical surface causes larger hemodynamic response amplitudes. In 145 contrast, localized neuronal responses are known to cause arteriole dilation with high spatial precision and limited 146 spread (Sirotin et al., 2009) . Being more localized, high-frequency processes such as spiking would dilate fewer 147 arterioles, and with longer activity, the flow rate in these dilated arterioles would saturate. Thus, larger spike counts 148 should affect HbO peak-time more than HbO peak-amplitude. Indeed, compared to early-peaking trials, late-149 peaking trials had significantly higher spike-rates during both the 'On' and 'Off' epochs (Fig. 4d) . Furthermore, we 150 found a strong correlation between the HbO peak-time and the total number of spikes up to the HbO peak-time for 151 each trial (r=0.98, p<10 -6 , Fig. 4d inset) . This result clearly demonstrates the HbO peak-time reliably reflects the sum 152 of spikes (i.e., the temporal spread of spiking) from trial-onset up to the hemodynamic response peak. 153
Curiously, we also observed that the timing of the initial-dip correlated with bursts in spike-rates better than its 154 amplitude. To determine if the amplitude was more reflective of the spatial-spread of spiking than the strength of6 spiking, we analyzed the effect of synchronized bursts in spiking across tetrodes on both the initial-dip peak-156 amplitude and peak-time. We first obtained all trials with high spike-rate bursts on Tetrode1 (bursts larger than the 157 median value), and further divided these trials into two groups, based on whether Tetrode2 had spike-bursts larger 158 or smaller than the median (obtaining trials with high (n=81) and low (n=38) spike-coherence, respectively). We 159 found that compared to low spike-coherence, trials with high spike-coherence had significantly larger initial-dip 160 amplitudes (p<0.001; Wilcoxon's one-tailed rank-sum test), but their initial-dip peak-times, and response peak-161 amplitudes and peak-times were unchanged (p>0.4) (supplementary figure 7) . These observations support our recent 162 suggestion that the initial-dip is a vascular response (Zaidi et al, submitted), given its dependence on the spatio-163 temporal dynamics of the underlying spiking activity, and also clearly demonstrate that differences in the spatial 164 spread of neuronal processes across cortical tissue are reflected in different parameters of the hemodynamic signal. 165
Since we use simultaneous epidural fNIRS and intra-cortical electrophysiology to measure hemodynamic changes in 166 anesthetized monkeys, it might be questioned how these results compare to the awake preparation, or to different 167 neuroimaging modalities. But stark differences are unlikely, as under the anesthesia conditions we used, the 168 correlations between neuronal activity and hemodynamic signals are not very different between the anesthetized and 169 awake preparations, at least in the primary visual cortex (Goense and Logothetis, 2008) . Furthermore, previous work 170 in awake human subjects, where BOLD-fMRI responses to an almost identical visual stimulation paradigm were 171 recorded, demonstrates that hemodynamic response peak-times and initial-dips are strongly correlated (Watanabe 172 et al., 2013) . Our data also reveals a strong correlation between HbO peak-time and initial-dip (r=0.84, p=0.0025; 173 n=25/group, 10 groups), both of which correlate strongly with spiking ( Fig. 2c 1 -c 2 , Fig. 3b 1 -b 2 ). Based on this 174 similarity with awake human recordings, we expect our results to be consistent across both neuroimaging modalities 175 and states of wakefulness. 176
Since we do not find a relationship between excitatory neural activity and the hemodynamic response peak-177 amplitude, a result consistent across recordings of stimulus-induced and spontaneous activity, our study adds to the 178 mounting evidence that the amplitude of the hemodynamic response is an unspecific marker of excitatory neuronal 179 activity. Although we did find correlations in the hemodynamic signal's peak-amplitude and low-frequency LFP 180 activity, these relationships were not consistent across recordings of stimulus-induced and spontaneous activity, 181 probably because of the difference in the underlying relationships of the various LFP bands in these two conditions 182 (Supplementary figure 8) . Consequently, these results also question the usefulness of canonical HRFs, as well as the 183 practice of convolving them with neuronal activity and correlating them to observed hemodynamic responses. 184
Furthermore, we also find that spiking is inversely correlated to low-frequency LFPs, and also to the hemodynamic 185 response amplitude. Previous work has also demonstrated that low-frequency LFPs are inversely correlated to 186 spiking, in both alert, behaving monkeys (Panagiotaropoulos et al., 2013) and the awake and REM states in humans 187 (Destexhe, 1998) , corroborating our results, and supporting the idea that they represent two distinct neural 188 processes. 189
To summarize, our results demonstrate that the amplitude of hemodynamic responses is a poor correlate of spiking 190 activity. Instead, we demonstrate that it is the timing of both the initial-dip and the hemodynamic response that is a 191 much more reliable correlate of spiking activity, reflecting bursts in spike-rate and the sum-of-spikes until the 192 hemodynamic response peak, respectively. 193 
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Signal processing and data analysis 291
All analyses were performed in MATLAB using custom written code. Only runs that cleared visual screening for artifacts were 292 used. Data points that were larger than 5 SDU were excluded from the analysis, so as to avoid tail-effects for correlation analysis.
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Normality for each distribution was confirmed before analysis was performed. Trials with HbO peak-time and peak-amplitude 294 larger than 5 SDU were removed from the analysis to avoid tail effects in correlation analysis (Supplementary figure 10) .
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The raw wavelength absorption data from the NIRS system was converted to concentration changes of [HbO] Correlation of spike-rates and LFPs to peak-time and peak-amplitude. a1) Spike rate of trials sorted based on modulation index of spike rate. a2) modulation index of each trial corresponding to a1. a3) [HbO] traces of the corresponding trials from a1. a4) A clear negative trend in peak-amplitude and positive trend in HbO peak-time can be observed for traces corresponding to a2, along with a large trial-by-trial variation. b1-2) Mean traces of spike rates (b1) and [HbO] traces (b2) for each group, when trials were sorted and grouped based on spike-rate modulation. b3-4) Correlation of mean spike-rate modulation with mean HbO peak-amplitude (b3) and mean peak-time (b4) (n=50 per group) from each group. c1-2) Correlations of mean peak-time with peak spike rate. c2-3) Correlations of peak spike-rate with initial-dip peak-amplitude and peak-time. d1) Correlation of DeltaTheta modulation with peak-amplitude (d1) and mean spike rate (d2) for trials sorted and grouped on DeltaTheta modulation. d3) Within the rst quartile of DeltaTheta modulations (inset), spiking signi cantly a ected both peak-amplitude and peak-time (p-values based on two-tailed Wilcoxon ranked sum test). e) Correlations of HbO response peak-amplitude and peak-amplitude with the modulation index, and the initial-dip peak-amplitude and peak-time with peak activity in di erent LFP frequency bands. Only signi cant correlations (p<0.05; n=25/group, 10 groups) are coloured. All error bars represent SEM. Relationships between neural activity and HbO parameters in spontaneous activity. a1-2) Mean traces of spike rate (a1) and corresponding [HbO] traces (a2) for each group, sorted from low to high spike-burst strengths. b) Correlations of the peak spike-rate for each group and the peak-time (b1) and initial-dip (b2) when spike bursts were sorted on peak spike rate. Error bars represent SEM. c) Correlation of peak-amplitude and peak-time with peaks in the envelope of di erent LFP frequency bands. Only signi cant correlations (p<0.05) are coloured. The peak-amplitude correlates with peaks in the Alpha band, and peak-time with peaks in the high gamma bands and MUA band. However, spike-rate modulation are highly correlated between Tetrode1 and Tetrode2, while no correlations exist between Tetrode1 and Tetrode3, even though the distributions of spike-rate modulations are almost identical across tetrdodes. This illustrates that spiking activity is more spatially localized than DeltaTheta activity. (b) Mean autocorrelation of spike-rates and DeltaTheta activity across all trials. Inset) Distributions of the area-under-the-curve (between -4s to +4s, shaded region in main gure) for spiking and DeltaTheta activity. Bars represent CI-95 Spiking has a larger temporal spread than DeltaTheta. (c) Trials with higher correlations of DeltaTheta between Tetrode1 and Tetrode 3 (thick traces) have a signi cantly higher peak-amplitude (inset top-right) (but not peak-time (inset bottom-right) than those with low correlations (thin traces). (d) When comparing early-peaking (thin traces) vs late-peaking (thick traces) trials (top and bottom 10% of all trials, n=26), we nd that late-peaking trials have signi cantly higher spike-rates not only during stimulus presentation (epoch I) but also after the stimulus is turned o (epoch II). A very strong correlation is observed when between the HbO peak-time and the sum of the spikes up to HbO peak-time for each trial (inset). Supplementary gure 1. Independence of results on group size. Trials were divided into 5, 10 and 15 groups, and the mean total spike count for each group was correlated with the mean HbO and HbR peak time. Varying the size of the group did not change the relationship between the total spike counts and HbO and HbR peak times. Supplementary gure 3. Correlations between DeltaTheta modulation and HbO peak-amplitude are independent of group size or number of trials per bin. We also observed a correlation between HbO peak-amplitude with the peak DeltaTheta amplitude during stimulus presentation (r = 0.67, p = 0.03; n=25/bin, 10 bins), but it wasn't as strong as the correlation of HbO peak-amplitude with DeltaTheta modulation (r = 0.94, p < 10-4; n = 25/bin, 10 bins; middle panel above). As can be observed, the higher frequencies elicited stronger HRFs from the spontaneous activity and also stronger correlations between the predicted and observed HbO during stimulus induced activity. A) The mean HbO responses for all trials with high spiking on Tetrode 1 and low (thin) and high (thick) spiking on Tetrode 2. As can be clearly observed, the initial-dip is larger for the high-spiking trials (B), without a ecting either the initial-dip peak time (C), or the HbO peak amplitude or peak-time (D,E). Interestingly, larger initial dips did not correspond to larger HbO peak-times in this case, demonstrating that the initial-dip does not a ect the overall HbO peak-amplitude or peak-time.
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